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We study how lepton flavor violation (LFV) is related to the reactor angle #13, LHC/dark matter 
(DM) signal with a successful leptogenesis in a radiative seesaw model through A4 flavor symmetry 
breaking, in the light of the deviation of tri-bimaximal mixing (TBM) angles and the recent precision 
oscillation data. To do this, we consider the normal mass spectrum of light neutrino giving a 
successful leptogenesis at electroweak (EW) scale or more with a relatively large sin #13 ~ O(0. 1), 
where a successful leptogenesis requires LHC/DM signal m_ < a few keV in our scenario, and we 
show that the measurement of r — > /17 is strongly dependent on m_ and the leptogenesis scale. 
Especially, we show that /j, — >• &y and /1 — e conversion are proportional to the value of #13, and the 
measurements of both fi — > e^y (and /or /_i — e conversion) and #13 can give a prediction of r — s> /17 
with a successful leptogenesis. 

I. INTRODUCTION 

The observed neutrino oscillations and baryon asymmetry of the Universe (BAU) as well as the existence of DM 
clearly imply physics beyond the standard model (SM). One of the most striking developments in particle physics 
beyond the SM is the experimental establishment of neutrino data shown in Tablc-|T1 
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TABLE I: Current best-fit values as well as 1 and 3(7 ranges of the oscillation parameters p} . 

Although neutrinos have gradually revealed their properties in various experiments since the historic Super- 
Kamiokande confirmation of neutrino oscillations Q, properties related to the leptonic CP violation are completely 
unknown yet. In addition, the large mixing values of 8 so \ = #12 and # a t m = 623 may be telling us about some new 
symmetries of leptons that are not present in the quark sector and may provide a clue of the nature among quark- 
lepton physics beyond the SM. Recently, there have been some attempts to explain the mass and mixing pattern in the 
leptonic sector, which is the most popular discrete fi— r symmetry 0]. Nevertheless, E.Ma and G.Rajasekaran [4] have 
introduced for the first time the A± symmetry to avoid mass degeneracy of [i and r under fi—T symmetry. In models of 
A4 symmetry [f|, the so-called TBM pattern comes out in a natural way, sin 2 6*12 = 1/3, sin 2 623 = 1/2 and sin 2 613 = 
which is fully compatible with the present knowledge of neutrino oscillation data in Table-[I]at 3a. In the light of the 
CP violation from the neutrino oscillations, the TBM indicates that the CP asymmetry P(f M — v e ) — Piy^ — v e ) is 
vanishing. Therefore, finding non- vanishing but small mixing element U e 3 would be very interesting in the sense that 
the element is closely related to leptonic CP violation |6|. Moreover, the recent analysis based on global fits of the 
available data gives us hints for #13 > at la; as the best-fit value sin #13 ~ 0(0. 1)0, [1]. So, the precise measurement 
of 9\3 is a crucial test of the models. 

Besides the mystery of the mixing pattern, tiny neutrino mass is one of the most challenging problem beyond 
SM. Recently, E.Ma introduced the so-called radiative seesaw mechanism [9( where the neutrino masses are generated 
through one-loop mediated by a new Higgs doublet and right-handed neutrinos obeying an additional Z2 symmetry: a 
^2-odd quantum number is assigned to a leptonic Higgs doublet 77 = (77+ , 77 ) and three right-handed singlet fermions 
Ni while all the SM particles are i?2-even. After electroweak symmetry breaking, the Z2 symmetry is exactly conserved 
and 77 will not develop a VEV, that is (77°) = 0, while the standard Higgs boson get a VEV, which means the Yukawa 
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coupling corresponding to Z2-odd Higgs doublet will not generate the Dirac mass terms in neutrino sector. Thus, 
the usual seesaw mechanism does not work any more and we naturally have a good candidate of DM corresponding 
to the lightest Z2-odd particle or Large Hadron Collider (LHC) signals through the standard gauge interactions in 
our model. In addition, since the existence of the flavor neutrino mixing for the three neutrinos v e ,v ll ,v T implies 
that the individual lepton charges, L a , (a = e, fi, r), are not conserved [lOj , the observation of neutrino oscillation 
have the possibility of measurable branching ratio for charged lepton LFV decays such as fi — > ey,r — > ej and 
t — > fij, etc.. Experimental discovery of such lepton rare decay processes is one of smoking gun signals of physics 
beyond the SM. Besides, the observed BAU can be explained by the mechanism of leptogenesis (111 Il2|. If this BAU 
originated from leptogenesis, then CP asymmetry in the leptonic sector must be broken. So any observation of the 
leptonic CP violation, or demonstrating that CP is not a good symmetry of the leptons, can strengthen our belief in 
leptogenesis. In Ref.|13j| one 5-dimensional effective operator with respect to A under SU{2) x U(l) x A^x Z 2 X Z 4 is 
introduced to have the aforementioned leptonic CP violation, and A4 x Z4 symmetries are broken after the assuming 
scalars develop VEVs with ad hoc constraints in the potential, interestingly, which opens the possibility to study 
an attractive mechanism of leptogenesis and LFV as well as to connect these with low-energy observables without 
contradicting la results |l], through symmetry breaking of A4 in a radiative seesaw mechanism. 

In this paper, to investigate the relation between neutrino parameters and high energy phenomenologies in the light 
of the deviation of TBM and the recent precision oscillation data, we focus on the normal hierarchical mass spectrum 
of light neutrino giving a successful leptogenesis at electroweak (EW) scale or more in a radiative seesaw mechanism. 
We find that, in the TBM limit, the branching ratio of h(t) — > ey and the \x — e conversion ratio i? Me are going to 
be zero since these processes are sensitive to a deviation parameter x which is proportional to the unknown mixing 
angle #13, and interestingly that Br(r — > /17) is mostly determined by the mass of DM fh^ and a missing energy m_ 
under Since the ratio of the branching ratios for Br(/^ — > e7)/Br(r — > fiy) is strongly dependent on the value 

of 0i3, if future experiments of neutrino and LFV would measure the nonvanishing U e s and Br(/i — > ey) respectively, 
Br(r — > fi'y) can be predicted and at the same time the mass of DM (~ leptogenesis scale) and a missing energy can 
be strongly bounded by this prediction. In addition, we show the magnitude of i? Me is suppressed by 2 — 3 orders 
compared to that of Br(/i — > ej). Particularly, we show that, for example, with a missing energy m_ = 100 eV the 
requirement for successful leptogenesis consistent with sin #13 ~ 0(0.1) can be compatible with the existing constraint 
on Br(^ -» ey) if the mass of DM m v > 285 GeV. 

The paper is organized as follows. In the next section, we briefly discuss the neutrino masses and mixings gener- 
ated in a radiative seesaw mechanism and explain how the parameters are constrained by the low energy neutrino 
oscillation data. In Sec. Ill, relation between neutrino parameters and LFV prediction with a successful leptogenesis 
is investigated. Then we give the conclusion in Sec. IV. 



II. LOW ENERGY OBSERVABLES 



Unless flavor symmetries are assumed, particle masses and mixings are generally undetermined in gauge theory. To 
understand the present neutrino oscillation data we consider A4 flavor symmetry for leptons, and simultaneously for 
the existence of DM, LHC signal and the BAU to be explained around EW scale or more we also introduce an extra 
discrete symmetry Z 2 in a radiative seesaw Q , which could enhance LFV as reachable in near future experiments fl4| . 
Especially, in Rcf.[13] a 5-dimensional operator is introduced in the lagrangian, which is invariant under A4 x Z2 x Z4 
to have non-zero low energy CP violation in neutrino oscillation and non-zero high energy cosmological CP violation 
which is responsible for BAU. The technical details of the group are shown in Ref.[l3|. 

The Yukawa interactions written in [l3j can be replaced, after re-basing both charged lepton and heavy Majorana 
neutrino mass matrices to be diagonalized, by 
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where 



Mft = MDiag.(a,l,6) , 



(2) 



where a = y/l + k 2 + 2k cos£, b — yl -I- k 2 — 2k cos f, with real and positive mass eigenvalues, and the couplings of 
Ni with leptons and scalar 77 is given as 
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FIG. 1: Left-figure represents the atmospheric mixing angle #23 over the phase (j>. Right-figure shows the solar mixing angle 
012 as a function of the parameter <f>. Here the horizontal dotted lines represent the experimental lower and upper bounds in 
lcr of the mixing angle #23- 



where the diagonal matrix of heavy Majorana neutrino phase Q v = Diag.(e* 2 , 1, e 8 2 ) with the phases 

1 / Ksinf \ 1 / Ksinf \ 

<p 1 =t<m- 1 l— , tf>2 = tan" 1 . 4 

Vl + Kcos^/ Vkcos^ — 1/ 

Concerned with CP violation, we notice that the CP phases <p\ , if2 coming from Mr as well as the CP phase <j> 
from Y v obviously take part in low-energy CP violation, as you can see in Eq. (0. We assumed Mf > friz, so the 
lightest Z 2 -odd neutral particle of i] is stable and can be a candidate of DM. Therefore, after radiative-seesawing , for 
Mf > to 2 the effective light neutrino mass matrix is obtained as 

- - fy.M^yJ, (5) 



2 



" 16tt 

where Am 2 = \m 2 R — mf| = 0(X^, n )v 2 if mjj(mi) is the mass of rf R {rfj) and ni R ^ = fh 2 ± Am^/2 1 , and Mjj = 
Diag(M r i, M r2 , M r3 ) and M ri can be simplified as, 

M ri J 2M r ^ {mZ ^ 1 (6) 

[ M t [\nz t - 1] , for Z; > 1. W 

with Zi = M 2 /m 2 . The light neutrino mass matrix Eq. ([5]) can not be diagonalized by the TBM mixing matrix 



m e g = m U T BPv 
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where = ■jz^r[l + z ii" Zi ], m = Am 2 g 2 /M167r 2 and the TBM C/tb and the diagonal matrix of Majorana phase P v 



[/tb = 



f-y/i \l\ ^ 
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, P,=Diag.(e J -,l,e^) 



(8) 



Actually, from potential lagrangian we can fully express the scalar masses m v ± ,mji,mj and m v . However, for simplicity, these are 
expressed in terms of a relevant potential term. 
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The neutrino mass matrix Eq. ([7]) represents that — r symmetry is broken by x, and can not be diagonalized by 
J7tb m Eq. (JSJ. To diagonalize the above matrix Eq. (J7J, if we consider rn c ff m off one can obtain the masses and the 
mixing angles. For simplicity, we consider the case of ipi t 2 = without a loss of generality. Then, the light neutrino 
masses are given, up to first order of 




And, solar neutrino mixing is governed by 



tan 20 12 * 2V2 u2 >-% + ^ + ^ ^ * + + ^ + ^ ™ ^ (10) 

w 2 - S£ _ 4a; (^ + w 2 ) 2 cos0 + f {Of + w 2 ) 2 + 2w 2 <f cos 20} 

which for x — agrees with the result of tri-bimaximal, i.e. tan2(9 12 = 2\/2. Note here that in Eq. (fT0|) the condition 

wf - ^| + ^{(x + w 2) 2 + 2w 2 ^ cos2</>} > + W2 )2 cqs^i should be satisfied, in order for 6 12 to be lie in the 

experimental bounds in Table-|U Especially, the right figure in Fig. [1] shows the solar mixing angle Qyi as a function 
of (p. And the deviation from maximality of atmospheric neutrino mixing angle, A 2 3 = 823 + tt/4, comes out as 

6(w 2 — t-) sin 6 

A 23 ~ ^ . (11) 

3(wg - sm<j} + \/3(w 2 + if ) 2 cos 

From Eq. (|11|). for the parameter k given by heavy neutrino mass ordering, A23 can be determined only by the 
parameter 0, in which the values of (f> at tt/2, 37r/2 are not allowed by the experimental bounds of 623, see also Fig. [T] 
The unknown mixing angle #13 and Dirac phase Sqp of {/pmns can be obtained approximately, for x <C 1, as 
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3 (w- — wf) sin if) cos &cp + ( w 2 + if-) 2 cos sin (5cp 
2 



q ^3 



dcp ~ tan — cot0 

V CJ3 — 0UJ2 ' 



fl2) 



in which 0i 3 is closely proportional to the size of x and also related with 0, as can be seen in Fig. [3J and Sep is 
mainly determined by the phase 0, when the parameters u>i,b are fixed by the mass ordering of heavy Majorana 
neutrinos according to the light neutrino mass spectrum. From Eq. (|11[) and Eq. (|12p . we see that the deviation of 623 
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FIG. 2: Both figures represent the reactor angle #13 over the dependence of the parameter (f> and x, respectively. In the right 
figure, the horizontal dotted lines represent the experimental lower and upper bounds in la of the mixing angle #13. 
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is linked to #13 through phase <fi, not through the parameter x. Interesting points are that the deviation of 612 from 
tri-bimaximal is closely related with 13 through the parameters x and <p, and the deviation of 623 from maximality 
is governed by the phase cj) which is related with 6c p in Eq. (fT2]) , if the parameter k is determined by heavy neutrino 
mass ordering. 

Because of the observed hierarchy |Am| 2 | 3> Am^, and the requirement of MSW resonance for solar neutrinos, 
there are two possible neutrino mass spectrum: (i) mi < to 2 < (normal mass spectrum) which corresponds to 
— < u>2 < ^ and (ii) to 3 < mi < to 2 (inverted mass spectrum) which corresponds to ^ < — < oj 2 . The solar and 
atmospheric mass-squared differences defined as Am| = mf — m| are given by 

H- m o w 2 j + ^hH ) cos<M , (13) 



A 



in 
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{^-«2-f(a» + ^) 2 cos*}, (14) 



in which, from the neutrino oscillation experiments we know that Am^j is positive and dictates w 2 > ui/a with the 
second term being sufhciently small x in Eq. (113[) . In order for a leptogenesis to be successfully implemented at or 
around EW scale in our scenario (see, Ref.[13|), we considered the case My lghtest ~ m 2 where the Mug^test is the 
lightest of the heavy Majorana neutrino due to a strong wash-out. Moreover, since the hierarchical mass ordering 
of the heavy Majorana neutrino masses could give a successful leptogenesis, we consider here the case Mi j2 3> M3 
(a > 1 > (; with £ = 0): this case corresponds to the normal hierarchical mass spectrum with b — > i.e. K ~ 1. Using 
ui\ ~ 21n| — 1, u>2 — — 21n6 — 1 and UJ3 ~ 5, the ratio of the mass squared differences defined by R = Ato 21 /|Ato 2 2 | 
which is around i?~3xl0~ 2 for the best-fit values of the solar and atmospheric mass squared differences, which is 
given by 

i?«& 2 (4c 2 -w 2 ) , (15) 

where the equality roughly can be given under 1 ^> x, b. Note here that using the best-fit value of 3 x 10 -2 ) and 
Eq. (fT5|) one can roughly determine the size of the parameter b, i.e b ~ 0.01. Since too = Am 2 g 2 /167r 2 M as defined 
in Eq. ([7]), the value of g v depends on the magnitude of to_ = \mji — mj\ in the case that too is determined as 

m-bgl b 

m ° — o 2 — m 3 — ( 16 ) 

87T Z W3 

where Am 2 = to + to_ and m + = + mj\ ~ 2to^ are used. Since all new scalars Ty* ,rp R: rfj carry a Z 2 odd 
quantum number and only couple to Higgs boson and electroweak gauge bosons of the SM, they can be produced in 
pairs through the SM gauge bosons W ± ,Z or 7. Once produced, ^ will decay into 77^ f and a virtual W ± , then rfj 
subsequently becomes 77^ + Z-boson, which will decay a quark-antiquark or lepton-antilepton pair. Here, for example, 
the mass hierarchy m„± > mj > mn is assumed. That is, the stable rf R appears as missing energy in the decays 
of ?7 ± — > rfjl^v with the subsequent decay rfj — > rj^^P, which can be compared to the direct decay ^ — > rf^l^u 
to extract the masses of the respective particles. Therefore, if the signal of to_ and to + in LHC are measured, i.e. 
fh v ~ Miightest ^ electroweak scale, the lightest of heavy Majorana neutrinos can be decided. As will be shown later, 
these to± are strongly dependent on the LFV of r — > fij, which means finding m± is the search of the branching ratio 
of t — y {i^f and vice versa searching the branching ratio of r — > /ij can strongly constrain the values of m± . 

Numerical Analysis: as can be seen in Eqs. (|9l ll2l) . three neutrino masses, three mixing angles and a CP phase 
are presented in terms of five independent parameters TOo,ft(or a, b), x,4>. Interestingly, if we focus on the case 
Mi,2 ^ M3 which gives a normal hierarchical mass spectrum of light neutrino, the values of parameters Too, K(or a, b) 
can be determined as mo ~ 0.001, ft ~ 1, independent of the mass scale of heavy Majorana neutrinos, which in turn 
indicates that three neutrino masses, three mixing angles and a CP phase only can be corrected by the parameters 
x and (j>. However, as will be shown later, since both LFV in Eq. (TH)1) and a leptogenesis for a fixed value 8m 3 in 
Eq. (1331) are dependent on the mass of the lightest heavy neutrino -/V3 and the missing energy m_ as Eq. (flU)) . for 
convenience, we first fix the value of heavy Majorana neutrino with second one being to be M 2 = M = 17 TeV and 
to_ = 100 eV. Then, we impose the current experimental results on neutrino masses and mixings into the hermitian 
TO off m °ff and varying all the parameter spaces {k, <f>, x}: 

0.98 < k < 1.02 , 0<</><2tt, 0.005 < x < 0.4 . (17) 



As a result of the numerical analysis, Fig. [T] and Fig. [5] show how the mixing angles #12, #13 and $23 depend on 
the parameter <fi, which are explained in the approximate analysis Eqs. (|10llT^)) . The left figure in Fig. [T] shows the 
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dependence of phase on the atmospheric mixing angle, in which 6*23 favors #23 < 7r/4 and #23 > tt/4 in the region 
7T < <f> < 37r/2 and 3ir/2 < <fi < 2tt, respectively, and the right figure in Fig. [T] represents the solar mixing angle #12 
as a function of 4>\ in the region tt < <fi < 3tt/2, 9\ 2 favors #12 < 35.3°. Fig. [2] represents that how the reactor angle 
013 depends on the parameters x and <j), as can be seen in Eq. (|12p. where #13 prefers to very small values less than 
1° in the region n < <j) < 3ir/2, on the other hand, < #13 < 10° for 37r/2 < <j> < 2n. Finally, the Dirac CP phase 
can be determined by Eq. ([12} with the parameter (p. In addition, to show flavor effects in lcptogenesis as well as the 
dependence of the mass of DM, we use M 2 = M = 16, 31, 82TeV and m_ = 100 eV as inputs, which will be shown in 
Fig. El 



III. LEPTON FLAVOR VIOLATION AND LEPTOGENESIS 



The existence of the flavor neutrino mixing implies that the individual lepton charges, L a ,a — e, /i,r are not 
conserved [l(j and processes like i a — > £,37 should take place. Experimental discovery of lepton rare decay processes 
(■a ^/37 is one of smoking gun signals of physics beyond the SM; thus several experiments have been developed to 



detect LFV processes. The present experimental upper bounds are given at 90% C.L. [15[ as 



Br(/i -> e 7 ) < 1.2 x 10~ n , Br(r -> ^7) < 4.5 x 10~ 8 , 

Br(r -> e 7 ) < 1.2 x 10~ 7 . (18) 

One-loop diagrams to the one for neutrino masses contribute to the lepton flavor violating processes like l a — > 
(a, (3 — e, /i, t), whose branching ratio is estimated as |l4j 



3a e 
647r(G7m2) 



Br(^Q, -> tfrf) = — 77 ^L- 1 -\B aP \ 2 Br(£ a -> l p v p v a ) (19) 



where a e ~ 1/137 and Gf is the Fermi constant, and B a p is given by 

3 

\ " 



in which F 2 (zi) is given by 



B a p = 2^Y ai Y^F 2 (z i ) , (20) 



1 - 6z t + 3z 2 + 2zf - 6z 2 lnz z 
6(1 - ziY 



with F 2 (l) = 1/12. Taking the case M x ~ 2M, M 2 ~ M and M 3 ~ 0.01M > m n into account, the function 
F 2 {zi) can have the values 1/12 (z 3 = 1), 3.3 x 10~ 5 (z 2 = 10 4 ) and 8.3 x 10~ 6 [z x = 4 X 10 4 ), for N X ,N 2 and N 3 , 
respectively, which indicates only the lightest heavy Majorana neutrino among the heavy neutrinos can contribute 
the branching ratio of LFV. Then, the expressions of |-B a ^| 2 relevant for r — > fij, t — > cy and fi — > ej, respectively, 
are approximately given as 



\B T ,\ 2 ~ 2Ol(^) 2 {i-x+^(9 + cos20)} , 

\B Te \ 2 ~ 5.6xa; 2 (^-) 2 |3-2a;(3 + \/3sin0) + 2a; 2 (2 + \/3sin0)| , 

\B^ e \ 2 ~ 5.6 x x 2 {^ — ) 2 {3- 2x(3- v^sin^) + 2a; 2 (2- \/3sin0)} , (22) 

where g 2 ~ 167r 2 m3/m_ in Eq. (fTf)]) is used. Note here that for g u < 1 the lower bound of to_ is obtained as 
8eV < to_. And, the size of m_ is also crucial for leptogenesis to be successfully implemented, which needs to be 
m_ ~ O(100) cV, which will be shown later. From Eq. (IT91 and Eq. (|22l) the LFV branching ratios can be simplified 

as 

Br(£ a ->■ ^7) ~ 8.0 x l0 5 r a ^^|_.GeV 4 , (23) 
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FIG. 3: Contour plot of Br(r — > (try) as the functions of m- and m,,, where the values in the plot denote the branching ratio 
of Br(r — > ^7). Here the phase does not affect considerably, and = 340° is taken. 



where r Me = 1.0, r Te = 0.1784 and r T/J = 0.1736, which indicates that the LFV branching ratios depends on fh v 
and on the neutrino parameters in a flavor dependent manner. In the TBM limit, Br(/i — > ej) and Br(r — > e^) in 
Eqs. (|22I23[) are going to be zero since these processes are sensitive to the parameter x which represents the deviation 
from the TBM. Since the mixing element \U e z\ is proportional to the deviation parameter x which is constrained to 
be small but may still be nonzero, as can be seen in Eqs. (|22I23|) . predictions of the processes fi —> e-f, r — > cy highly 
depend on the parameter x(<C 1), however r — ¥ fif does not have so large dependence on it. Therefore, Br(r — > fi'y) 
is mostly determined by and m_, and due to Br(r — > fi'y) 3> Br(r —¥ cy) we focus on r — > /17 between the tau 
decay processes : 

Br^^TxlO^-) {-_ + _ (9 + CO s20)}, (24) 

which is constrained by the current upper bound Eq. (|Tg)) . Future B-factories would also greatly reduce the r decay 
upper bounds [la |. In our analysis, we conservatively adopt Br(r — > ^7) < 10~ 9 and Br(r — > e7) < 10~ 9 as upcoming 
upper bounds of LFV branching ratios. The contour for Br(r — » /17) as the functions of m_ and is plotted in 
Fig.[3l where the values appeared in the figure represent the branching ratio of r — > fi'y. Interestingly enough, Fig. [3] 
represents if LFV r — > fi'y is measured in the future B-factories [l6[ the DM/LHC signal m, can be bounded by 
to_ in our scenario, where the influence of \U e $\ is not considerable and x = 0.2,0 = 340° is taken. We see clearly 
that the branching ratio for r — > fi'y becomes higher for a fixed to_ as gets smaller. As the parameter x goes 
to zero, both B Te and go to zero, which means that the processes fi — > &y, r — ¥ ej are strongly bounded by the 
unknown mixing angle #13. Moreover, the contributions of the phase <f> to \B Te ( T ^^ e \\ 2 are not considerable due to 
x <C 1 under the parameter spaces compatible with the current neutrino data Table-[t] From Eqs. (|22I23[) it is clear 
that the most of constraints comes from Br(^t — > erf) which is sensitive to the value of | t/ e 3 1 as well as the mass of 
DM and the missing energy to_. Since the bound for Br(/i —¥ &y) is most severe, T5r([i —¥ e7)/Br(r —¥ fi(e)^f) must 
be sufficiently suppressed as 10~ 2 — 10~ 5( - 6 ) in order to observe both fi and r decay processes. The branching ratios 
for the three transitions fi — > e7, r — > fi'y and r — > ej are Br(r — > fi'y) 3> Br(r — > &y) ~ Br(^ — ¥ e*y), in which the 
ratio of the branching ratios for Br(/i — > 67) and Br(r — > /17) is only dependent on the parameters x and 0, which is 
approximately given as 

Br(/x -» e 7 ) _ gl ^ 2 3 - 2z(3 - V3sin0) + 2a; 2 (2 - y^sin^) 
Brfr-^7) - ' ^ 1 - Ax + 2f (9 + cos 20) 

Note here that this ratio is independent of the parameters m_ and m„, and drastically changed by the parameter x or 
I C/e3 1 . If the unknown mixing angle \U e s\ is measured the ratio of Eq. ()25|) can be determined, which indicates if the 
branching ratio of fi — > cy is measured the branching ratio r — ¥ fi'y is predicted and then DM mass and missing energy 
can be determined. Given the present experimental bound Br(/i — > cy) < 1.2 x 10~ n [15] and the experimental data 
of neutrino at la in Table-|H Eq. (|25j) implies that r — > fi'y has rates much below the present and expected future 
sensitivity [16]. The left plot of Fig. 2] shows the predictions of Br(/i — > cy) as the functions of x and Br(r — > fij), 
where the values in the figure denote the branching ratio of Br(r — > fjrf), the phase <j> does not affect considerably and 
here cf> = 340° is taken in Eq. (f25j) . If a relatively large value of reactor angle | U e s | =0.126 (best-fit) is measured in near 
future, the left plot of Fig. Ushows the constraints from the upper bound of fi — > ej requires the one of r — > fi'y should 
be less than 10" 10 . From Fig. H one can realize that future LFV searches with {U^ measurements give us implications 
for the mass of DM. For example, if future experiments discover both Br(/i — > &y) and |f7 e 3|, then Br(r — > fi'y) can 
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FIG. 4: (Left-plot) Predictions of Br(/i — ► ey) as the functions of x and Br(r — > /ry), where the current (expected) bounds for 
/x — > &y are shown by the solid (dotted) horizontal lines. (Right-plot) Predictions of as the functions of x and Br(r — > fry), 
where the current (expected) bounds for i? Me are shown by the solid (dotted) horizontal line. Here the values in both plots 
denote the branching ratio of Br(r — ► /U7), and the phase (j> does not affect considerably and here <f> = 340° is taken. 



be predicted, which in turn means m_ and the DM mass are strongly constrained. Note here that Br(r —¥ ej) can 
be straightforwardly obtained from Br(/i —¥ ej), as the relationship Br(r — > ej) — Br(/i — > £7) • Br(r — > e^ e ^r) with 
Br(r ->■ ev e v T ) w 17.84% [l7| hold. 

It is worth while to mention about the /x — e conversion in two nuclei f^Al and ^Ti, proposed by Mu2e experiment 
at Fermilab [H[ and PRIME experiment at J-PARK [ijjj . aiming for sensitivities of 10 -16 — 10~ 18 , respectively. And 



there is the current bound T(/iTi — > eTi)/r(/iTi — > capture) < 4.3 x 10 12 [17]. The formula of the [i — e conversion 
ratio i? Me given in Ref. [14j can be simplified in our scenario as 



^ e - 2592f— ^ ( — ) * i 3 + 2V3xsm0 + x } , 



(26) 



where q 2 « -to 2 , for ^Al, Z cff = 11.5, F p = 0.64,r capt = 4.64079 x 10~ 19 GeV, and for ||Ti, Z cS = 17.6, F p = 
0.54, F cap t = 1.70422 x 10~ 18 GeV. As can be seen in Eq. ([26|l . we can easily find that the ratio i? Me strongly depends 
on the parameters m„,m_ and x(or # 13 ) in the same way with Br(/i — > 67). And comparing between i?„ e and 
Br(r — > /17), the ratio of between them is simplified as 

Rfte A w/n ^ ,„_3 3 + 2-\/3x sin 



_ 4.7(8.4) x lO -3 ^ — = , (27) 

Br(^->e7) 3 - 2a;(3 - V3sin0) + 2a; 2 (2 - ^3 sin(f>) 

where the factors 4.7 and 8.4 represent for 2 gAl and flTi, respectively, which shows the magnitude of i? Aie is suppressed 
by 2 — 3 orders compared to that of Br(/i — > ej). The right plot of Fig. U shows the predictions of i? Me in Ti as the 
functions of x and Br(r — > ^7), where the values in the figure denote the branching ratio of Br(r — > /17), the phase 
4> does not affect considerably and here <f> = 340° is taken in Eq. (|27|) . It is clear from Fig. [4] that in a relatively 
large sin #13 ~ O(0. 1), the upper bound of R^ e requires the one of t — > p-y should be less than a few xl0~ 9 which is 
not more stringent than that of Br(// — > &y). However, if the predicted Br(/i — > &y) is far below the planned 10 -13 
sensitivities, the fj, — e conversion in nuclei can be a very competitive process to study LFV. 

The CP asymmetry generated through the interference between tree and one-loop diagrams for the decay of the 
heavy Majorana neutrino iVj into r\ and (v,£ a ) is given, for each lepton flavor a (= e, fj,, r), by [20I l2lT| 

1 . , f ... _ w m: 



87r(YjY„)« £J 
where the loop function g{x) is given by 

g(x) = VZ\t^— + + x)\d?-^] . (28) 

L 1 — x xl 

Below temperature T ~ Mj < 10 5 GeV, it is known that electron, muon and tau charged lepton Yukawa interactions 
are much faster than the Hubble expansion parameter rendering the e, fi and r Yukawa couplings in equilibrium. 
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Then, the CP asymmetries £3 are approximately given 2 , for x <C 1, by 



£3 = x 2 ^^-(xsin0 + asin20) , (29) 

£3 ~ x^^^-{4a-\/3cos (j) — x[V3 + 2a cos (f>(V3cos(f) + sin </>)]} , 

£3 ~ x— -^-{— 4a\/3cos 4> + ^[v 7 ^ + 2a cos 0(\/3 cos — sin 0)1} 
4a to_ 



where g„ ~ ■y/167r 2 m3/m_ in Eq. (|16[) is used. In these expressions, the values of the parameters a, b, x, <f> are 
obviously determined from the analysis described in the previous section, whereas m_ is arbitrary. However, as can 
be seen in Eq. (|2~4"j) and the left plot of Fig. [3J the value of m_ depends on the magnitude of fh v with a fixed value 
of Br(r — > hj). In addition, generically, jefl > 1CP 6-7 is needed to obtain a successful leptogenesis, which in turn 
indicates to_ ~ O(100eV) < a few keV. 

Once the initial values of ef are fixed, the final result of t\b can be obtained by solving a set of flavor-dependent 
Boltzmann equations including the decay, inverse decay, and scattering processes as well as the nonperturbative 
sphaleron interaction. Now, each lepton asymmetry for a single flavor in Eq. (|29p is weighted differently by the 
corresponding wash-out parameter functioned by Kf = T(Ni — > r/£ a ) / 'H(Mi) with the partial decay rate of the 
process — > £ a + 77 and the Hubble parameter at temperature T ~ Mi, and appears with different weight in the 
final formula for the baryon asymmetry (22|; 

■»=.-> x 10- J {*(! K 5) + #0?) + ^(f§A-j) } . (30) 
Here the wash-out factor k is given by 

where the wash-out parameters associated with N3 and the lepton flavors a = e, fi,r are given as 



#3 * 8 



in which all if-factors are evaluated at temperature T = M3, and M3 is the lightest of the heavy Majorana neutrinos. 
Here to, = ( 2 4v ) ^ m pi - 2 - 83 x 1Ql6 GeV with the Planck mass M P i = 1.22 x 10 19 GeV and the effective number 
of degrees of freedom ~ g*SM — 106.75, and the degeneracy between M| and m 2 is given by [HI HI] 

TO 2 

S N3V = 1 - , (33) 

in which to 2 ~ M| is necessary for enormously huge wash-out factors to be tolerated. Note here that wash- 
out factors associated with and the lepton flavors a — e,/i, r are enormously huge compared to the fac- 
tors K^'^' T , and therefore the generated lepton asymmetries associated with are strongly washed out due to 
K" ~ m*gl5jj iV \Y ua i\ 2 / MilY^ where for Mf ^> fh 2 the degree of degeneracy S^ iV is going to be 1. It is clear 
that, if the value 1/to_M3 is constrained by both low energy neutrino data, LHC signal and LFV constraints with 
to,j ~ M3 = bM, the wash-out factors K% and K^ T are only dependent on the parameter 5jv 3r) which makes the 
difference to the flavor effects. As can be seen in Eqs. (|29l32p . since the lepton asymmetries in fi and r flavors are 
equal but opposite in sign to the first order, i.e. £3 « — £3, satisfying £3 + £3 = — £3, and the wash-out parameters 



Due to Im[_ff3 3 ] = for 1/21,2 = 0, the relation £g + ej = — e| is satisfied if they are considered to the order of x 3 
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FIG. 5: (Left figure) Prediction of the baryon asymmetry tjb as a function of the unknown mixing angle #13, where the horizontal 
dotted lines correspond to the phenomenologically acceptable regions 2 x 10 -10 < 77s < 10 -9 . (Right figure) Prediction of 
Br(/x — > ey) as a function of the unknown mixing angle #13, where the values in the figure correspond to the mass of the lightest 
heavy Majorana neutrino, and the upper horizontal line and the below dotted-horizontal one correspond to the upper bound 
of Br(/i — } cy) < 1.2 x 10 _11 ,10 -13 for the present and for the forth coming future, respectively. In here 5N 3 r] = 5 x 10~ 6 
and m_ = lOOeV are taken, and the vertical dotted lines represent the experimental bounds in la of the mixing angles #13 in 
neutrino oscillations. 



in /i and r are almost equal « ^> K$, the effects of wash-out factor related with N 3 can play a crucial role 
in a successful leptogenesis according to the size of Sn 3V - In our scenario, although Sn 37I does not much affect the 
results for low energy neutrino observables obtained in sec. II, the predictions of the baryon asymmetry t\b strongly 
depends on the quantity Sn^ due to the size of wash-out parameters. The left figure in Fig. [5] shows the prediction 
of the baryon asymmetry for 5n 3 ti = 5x 10 -6 , which indicates a successful leptogenesis favors a relatively large value 
of 6*13; flavor effects are shown according to the varying scale of heavy neutrino N3 for 190 — 250 GeV (red-crosses), 
370 - 480 GeV (black-multiplies) and 990 - 1260 GeV (blue-triangles). 

Let us consider possible implications for neutrino parameters from future LFV searches with the analysis obtained 
in Eqs. (|22l23p . Using Eq. (|2"2")l . the constraints of Eq. (fT5|) can be replaced by 

M < 5.6xl0-"x^(-|^) 4 , 
L9 re | 2 < l-5xl0- 13 x^(-|^) 4 , 

M < ^x 10 " 7 *^^) 4 - (34) 

where the parameter r GeV is the mass of lightest heavy Majorana neutrino N3 for M3 ~ m^, which indicates if 
both m_ (which can be constrained by both a successful leptogenesis in our scenario and g v < 1 as 8eV < m - — 
O(100eV)) and #13 are given these constraints depend on the mass of DM. Since, numerically, for to_ = 100 eV and 
x = 0.2, <fi = 340° the value of I-B1-/J 2 is given around 5 x 10~ 6 , from the constraint r — > /17 in Eq. (|34|) the mass of fh v 
should be lie above 100 GeV at least. However, from Eqs. (|22l34p it is clear that the most of constraints comes from 
Br(/i — > ej) which is sensitive to the value of | ?7 e 3 1 , m_ and the mass of DM. Since the branching ratio of £ a — > tp^i 
explicitly depends on the m± and the unknown mixing angle #13, in near future searching #13, m_ and Ht(£ — > £p~f) 
indicates finding the mass of DM. For example, considering the experimental bounds both of #13 in la in which the 
value of baryon asymmetry is well explained and of the branching ratio fi — > e-f, for x = 0.2, (j> = 340° and m_ = 100 
eV we see that from Eq. flM|) \B^\ 2 ~ 10~ 7 the mass of DM should be larger than 285 GeV corresponding to the 
constraint of fi — > ej. As stressed above, given the DM mass and the missing energy, #13 is crucial for the prediction 
of /1 — > e7 branching ratio. To see its dependence, we plot the LFV prediction of /1 — > ej as the unknown mixing 
angle #13 with m_ = 100 eV and varying DM masses, in Fig. [5] Since the below horizontal line in the right figure in 
Fig. [5] indicates the present upper bound of Br(fi — > ej), there is a lower bound, M 3 > 285 GeV, of the mass of DM 
with both the experimental bound of #13 in la and the value of t/b in thermal leptogenesis scenario. MEG experiment 
searching fi — > is expected to reach Br(/i — » ej) ~ (10~ 13 — 10~ 14 ) [24 |. which reads the right figure in Fig. [5] 
with Eq. (f2"3"]l . Therefore, in near future we can see the mass of DM indirectly. From Fig. [SJ with a missing energy 
m_ = 100 eV the requirement for the successful leptogenesis consistent with sin #13 ~ O(0. 1) can be compatible with 
the existing constraint on Br(/i — > ey) if fh v > 285 GeV. 
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IV. CONCLUSION 

We have investigated the relation between neutrino parameters and LFV prediction, in the light of the deviation 
of TBM and the recent precision oscillation data. Particularly, we have examined how LFV is related to the reactor 
angle 6* 13 , LHC/DM signal with a successful leptogenesis in a radiative seesaw model through A 4 flavor symmetry 
breaking which reads the deviations from TBM mixing angles. We have focused on the normal mass spectrum of 
light neutrino giving a successful leptogenesis at electroweak (EW) scale or more, where a successful leptogenesis 
requires generically lepton asymmetry \ef \ > 1CP 6 ~ 7 which in turn indicates LHC/DM signal m_ ~ O(100eV)< a 
few keV in our scenario, and we have shown that the leptogenesis scale can be determined by the branching ratio 
of t — > /i7 if the missing energy m_ defined in Eq. (|16p is measured. Since the ratio of the branching ratios for 
Br(/i — > e7)/Br(r — > fj/y) is strongly dependent on the value of #13 in our scenario, if future experiments of neutrino 
and LFV would measure the nonvanishing U e z and Br(jU — > e^) respectively, the branching ratio of r — > ^7 can be 
predicted with a successful leptogenesis, and which in turn indicates the mass of DM (~ leptogenesis scale) and the 
missing energy can be strongly bounded by Br(r — ¥ fij). In addition, we show the magnitude of y, — e conversion R^ e 
in Ti is suppressed by 2 — 3 orders compared to that of Br(/i — > ej). Finally, we have shown that, for example, with a 
missing energy m_ = 100 eV the requirement for the successful leptogenesis consistent with sin 6*13 ~ O(0. 1) can be 
compatible with the existing constraint on Br(/i — > ej) if the mass of DM rh v > 285 GeV. 
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